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Abstract
Glyoxalase I (GxI) is an enzyme that is part of the Glyoxalase system which is responsible
for the conversion of methylglyoxal (MG), a byproduct of glycolysis, to lactic acid using
glutathione (GSH) as a co-substrate. Methylglyoxal and GSH come together to form the
hemithioacetal substrate, which is then transformed into (S)-D-lactoylglutathione. Since MG is a
highly reactive compound known to induce cell apoptosis, increasing MG levels in cells by
inhibiting GxI should increase cell death. Research into the design, synthesis and testing of
different inhibitors of GxI support this hypothesis. We have designed and synthesized a potential
inhibitor of GxI, the glutathione (GSH)-3-methyleneoxindole (MOI) conjugate (GSMOI). Upon
binding to the active site of GxI, we propose that GxI will catalyze a proton transfer elimination
reaction on GSMOI, releasing GSH and producing MOI which will irreversibly alkylate and
inhibit GxI.
To test this hypothesis, the purpose of this research was to determine the chemical
mechanism by which GSMOI might undergo elimination (E1, E2 or E1cb), and how this reaction
might be controlled and affected under physiological conditions. MOI and GSMOI have been
synthesized, and their purity and structure characterized using UV-Vis spectroscopy and Nuclear
Magnetic Resonance (NMR) spectrometry. The chemical kinetics of the elimination reaction of
GSH from GSMOI were studied by monitoring the formation of either GSH or MOI by UV-Vis
spectroscopy. The E1 elimination is a two-step mechanism where changes in pH should not affect
the rate of the reaction, while in E2 and E1cb mechanisms the rate was expected to increase with
increase in pH. Incubation of GSMOI at 25°C in phosphate buffers of different pH results in a
significant drop in reaction rate below pH 6. This suggests that changes in pH affect the rate of
reaction, and that the elimination is following either E2 or E1cb mechanism. To distinguish
between these mechanisms, we used 1H NMR to study GSMOI proton exchange in D2O solvent.
These results conclusively showed that the C-3 proton of GSMOI rapidly exchanged with D2O
solvent, without the corresponding formation of MOI, leading to the conclusion that the reaction
is following an E1cb conjugate base intermediate mechanism. This research was supported by the
Department of Chemical Sciences at Bridgewater State University and by a summer 2017 grant
from the BSU Adrian Tinsley Program.
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Preface
Every research project starts with some unsolved question, or some type of mystery in a specific
subject or topic. This thesis, presented to the Department of Chemical Sciences in partial
fulfillment of the Bachelor of Science degree with Honors in Chemistry (Biochemistry
concentration), is a study into the mystery of the aqueous chemistry of the glutathionemethyleneoxindole conjugate in order to understand its solution chemistry, and to model its
physiological reactions as a potential inhibitor of the anti-cancer target enzyme, Glyoxalase I.
The introduction describes background about the Glyoxalase pathway and how it uses
glutathione to metabolize its cytotoxic substrate, methylglyoxal. The possible role of the
Glyoxalase system in the control of cell growth is also discussed, and how Glyoxalase inhibitors
have been proposed to increase methylglyoxal levels and induce apoptosis in cancer cells. That
leads to our proposed mechanism-based Glyoxalase inhibitor, the GlutathioneMethyleneoxindole conjugate (GSMOI). We have proposed that GSMOI activation by a
Glyoxalase-catalyzed elimination reaction could lead to the formation of the alkylating agent, 3methyleneoxindole. Understanding the aqueous chemistry and the mechanism of GSMOI
elimination reactions is crucial to understanding its potential role in Glyoxalase I inhibition. The
remaining sections, Methodology, Results, Discussion and Conclusions, describe the research
conducted with Dr. Brush at Bridgewater State University. This research presents experimental
evidence for an E1cb elimination mechanism for GSMOI, which leads to a discussion on the
relevance of this new finding to the potential activation of GSMOI and its inhibition of
Glyoxalase I. Based on the work described in this thesis, additional questions have been
proposed inviting new researchers to this project.
So, I hope that this thesis serves as a guide to all of those reading it and new researchers in
general.

Thesis Committee Approval (as to style and content):

Edward J. Brush, Ph.D., Department of Chemical Sciences

Saritha Nellutla, Ph.D., Department of Chemical Sciences

Samer Lone, Ph.D., Department of Chemical Sciences
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1. Introduction
1.1 Glyoxalase System
1.1.1 Discovery and first insight
In 1913 researchers discovered the formation of lactic acid from methylglyoxal. At the
time, they believed this conversion to be associated with one enzyme which they called
Glyoxalase. However, in 1951 new studies revealed the need for two enzymes and a co-factor for
the conversion of methylglyoxal to lactic acid. The Glyoxalase/Glycolysis pathway is shown in
Figure 1. The first enzyme in the Glyoxalase pathway is Glyoxalase I (GxI or GLO I) which is
responsible for the conversion of methylglyoxal into (S)-D-lactoylglutathione. Then Glyoxalase II
(GxII) converts (S)-D-lactoylglutathione into D-lactate, which can then be converted into
pyruvate. The glycolysis pathway uses pyruvate as the main substrate to generate ATP through
aerobic respiration. The glyoxalase pathway is found in all cells and has two main functions: as
an antioxidant defense and in the production of ATP through an alternate energy source.
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Figure 1: The reaction schematic for the glyoxalase enzymatic pathway.
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1.1.2

Methylglyoxal: Biosynthesis, damage and detoxification
Methylglyoxal (MG) is one of the byproducts of oxidative metabolism in cells and since it

is a highly reactive compound it is detoxified by the glyoxalase system present in cells, as
described in Figures 2 and 3. Methylglyoxal is highly reactive and is inevitably formed as a byproduct of glycolysis. MG can be produced by enzymatic and non-enzymatic methods, and its rate
of formation is dependent on the organism, tissue and cell type. In glycolysis, MG is produced by
the fragmentation of two triosephosphates, specifically glyceraldehyde-3-phosphate (GAP) and
dihydroxyacetone phosphate (DHAP), Figure 2. This is the main route of generating MG, but it
can also be generated by metabolism of protein and fatty acids. Studies show that about 0.1-0.4%
of the glycolytic flux results in MG production (Kalapos, 2008). MG is very reactive, and about
90–99% of cellular MG is found bound to biomacromolecules. For example, Kalapos
demonstrated that when 1 μM of MG was added to human plasma it bound irreversibly to the
plasma protein within 24 h of incubation at 37°C. The concentration of MG in cells, both free and
bound to macromolecules, can be up to 300µΜ implying that MG has a stronger potency at the
site of production and may have little to no potency at distant sites. As shown in Figure 3,
Methylglyoxal is thought to be involved in mediating the diffusion of advanced glycation endproducts (AGEs) through the cell membrane. These AGEs are associated with different
pathologies such as Parkinson's disease, Alzheimer's disease, and diabetes. MG is also known to
react with lipids, nucleic acids and some residues of proteins involved in the formation of AGEs
(Okado 1996).

9

Figure 2. The enzymatic pathway compromised of Glyoxalase I and Glyoxalase II responsible for
the conversion of methylglyoxal to lactic acid, and Glycolysis Pathway. Glucose Metabolism:
Glycation and Methylation, https://www.realizehealth.com.au/2015/08/18/glucose-metabolismglycation-and-methylation/ (Accessed March 31, 2018)

Under normal circumstances, cells are protected against MG toxicity by different
enzymatic pathways such as glyoxalase, aldose reductase, aldehyde dehydrogenase and carbonyl
reductase pathways. However, the glyoxalase pathway is the most effective pathway (Thornalley,
1993; Kalapos, 1999; Vander Jagt and Hunsaker, 2003). Evidence has also been gathered to
support the idea that MG promotes the activation of enzymes involved in apoptosis such as protein
kinase C, c-Jun N-terminal Kinases and p-38 mitogen-activated protein kinase add reference. A
recent study showed that in apoptosis mediated by reactive oxygen species MG can induce
apoptosis in a concentration-dependent manner. All the data gathered was specific to bovine retinal
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pericyte and therefore more studies involving different cell types from a variety of organisms need
to be done in order to make a broader conclusion. In addition, it was concluded that high levels of
MG can cause apoptosis through an oxidative stress mechanism and that the nuclear activation of
the transcription factor nuclear factor κB (NF-κB) is involved in the apoptosis process (Okado
1996). Other evidence has shown that MG prevents cancer cells from growing by inhibiting
mitochondrial respiration (Okado 1996, Wu 2002).

Figure 3. The mechanism of biosynthesis and detoxification of methylglyoxal and the damage
caused by methylglyoxal. Coordinated Actions of Glyoxalase and Antioxidant Defense Systems
in Conferring Abiotic Stress Tolerance in Plants. http://www.mdpi.com/14220067/18/1/200/htm (Accessed May 8, 2018)

1.1.3 Structure of Glyoxalase I
Glyoxalase I (GxI) is the first enzyme in the glyoxalase pathway, and is thought to regulate
cell growth and proliferation by controlling the amount of MG in living cells. This system is
present in the cytosol of cells where GxI catalyzes the formation of (S)-D-lactoylglutathione from
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the hemithioacetal which is formed in a non-enzymatic reaction between MG and GSH (see Figure
2). Then, GxII converts (S)-D-lactoylglutathione to lactic acid which is relatively non-toxic and
regenerates the co-substrate, GSH. The glyoxalase pathway is highly conserved throughout
biological life and is present also in cell organelles and mitochondria. This system is active from
embryogenesis until cell death, and plays an important role in cell growth and division.

Methylglyoxal, glyoxal and other acyclic α-oxoaldehydes are the main substrates of GxI.
There is a slight variation in the structure of GxI between organisms. Human GxI is a dimeric Zn2+
metalloenzyme whereas Escherichia coli GxI is a Ni2+ metalloenzyme. Both of these metals are
essential for catalysis. Each monomer consists of two structurally equivalent domains and the
active site is situated at the dimer interface. Human GxI, shown in the ribbon structure in Figure
4, has a molecular mass of 42kDa and is regulated by phosphorylation in four different sites.

Figure 4. Crystal structure of Human Glyoxalase I, molecular mass of 42KDa. Image generated
using FirstGlance software.
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1.2 Inhibition of Glyoxalase I
1.2.1

Hallmarks of Apoptosis
GxI has been extensively studied in the past years because its inhibitors are shown to be

potential cancer therapeutic agents. By inhibiting GxI, MG levels should increase, leading to an
increase in cell death by apoptosis or necrosis. The cells of a multicellular organism form an
organized community, and this community is extremely regulated. The regulation involves
controlling the rates of cell division and cell death (White, 2004). When a cell is no longer viable
and is not contributing to the overall well-being of the community, this cell undergoes apoptosis,
which is a process of programed cell death that occurs under normal physiological conditions. This
form of cell death is more organized when compared to necrosis, which occurs when the cell
encounters an extreme variance in physiological conditions. Both processes of cell death are part
of the normal growth and development of an individual, and many pathologies can arise if these
processes are inhibited (White 2004, Osborne 1996). Hence, if GxI is inhibited, the level of MG
will increase, and therefore the rate of cell death by apoptosis will increase. Different competitive
GxI inhibitors, designed based on the active site structure, have been synthesized to test this
hypothesis. These inhibitors have been found to have anti-proliferative activity and suggest that
the increased levels of MG do indeed prevent tumor growth. The best competitive inhibitors of
GxI were found to be GSH derivatives of small, hydrophobic compounds.
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1.3 Glutathione-Methyleneoxindole conjugate (GSMOI), a potential inhibitor of
GxI
The Glutathione-Methyleneoxindole conjugate (GSMOI), is a molecule formed by
conjugating glutathione (GSH) and 3-methyleneoxindole (MOI) as shown in Figure 5. MOI is
proposed to be the actual enzyme inhibitor due to nucleophile alkylation. However, it cannot be
used directly as a therapeutic agent because it is chemically reactive and it will most likely alkylate
and inactivate other enzymes and biomolecules that are not part of the glyoxalase system, thereby
disrupting other physiological processes. In addition, MOI is a nonpolar molecule that is not
soluble in water and therefore is not soluble in the bloodstream. Previous preliminary studies
indicated that GSMOI is both a competitive and mechanism-based inhibitor of GxI, however more
in-depth work is needed to shed light on these findings. (Ivancic and Brush, unpublished results).
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Figure 5: Synthesis of GSMOI from glutathione and 3-methyleneoxindole.
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1.3.1 Synthesis of GSMOI
As mentioned above, MOI is not a good choice as a therapeutic agent because of its poor
aqueous solubility and non-selectivity as an inhibitor and alkylating agent. By conjugating MOI
with GSH, this will make it more specific to target GxI and inhibit it via a mechanism-based
inactivation. Once bound to the active site of GxI, it is hypothesized that GxI will catalyze the
elimination of GSH from GSMOI, and forming MOI. As MOI is a potent alkylating agent for
reactive thiols, the free MOI has high chance to selectively alkylate a cysteine residue at the active
site via Michael addition, Figure 6. As can be seen from Figure 6, the proposed formation of GSH
and MOI from GSMOI by GxI is an example of elimination reaction because of the characteristic
features such as the presence of a leaving group, loss of a proton and the formation of a product
with a double bond (MOI). Understanding how this reaction occurs, and what type of elimination
reaction it is, will be beneficial for predicting products of similar reactions, and it may provide
information to understand how the reaction can be controlled or affected.
S-GxI

SG

H

GSH
GxI-SH

GxI

GSMOI

O

O

O

N
H

N
H

N
H

Methyleneoxindole (MOI)

Alkylated GxI

Figure 6: Proposed inactivation of GxI by GSMOI through GSH elimination and active site
cysteine alkylation by MOI.

1.3.2 Elimination of MOI from GSMOI
The purpose of this thesis project was to investigate and better understand the mechanism
by which GSH is eliminated from GSMOI, producing free MOI. Understanding this mechanism
may require studies on how the reaction rate might be affected by factors such as pH, temperature
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and potential acid or base catalysts. This work depended on the ability to develop an assay to
quantitatively study the rate of the elimination reaction, under conditions that would allow the
study of factors that affect the rate limiting step. This turned out to be a challenge that was solved.
The interpretation of rate data required understanding of the chemical basis behind the three most
common biological elimination mechanisms that could explain the elimination of GSH and
formation of MOI: E1, E2 or E1cb (cf. Figure 7). (Smith, 2001).

The E1 reaction is a minimum two-step mechanism where the first step is the rate limiting
step that involves loss of GSH from GSMOI to form a carbocation intermediate. In the second step
a base removes the C-3 proton forming the double bond. The E2 reaction is a one-step concerted
mechanism in which removal of the C-3 proton by a base and loss of GSH occur simultaneously.
The E1 mechanism is highly unlikely due to the formation of an unstable primary carbocation
intermediate, but the E1 and E2 mechanisms can be easily distinguished by studying the effect of
pH on the reaction. (Smith, 2001).

The E1cb mechanism is also a two-step mechanism, where we have “fast” removal of the
C-3 proton forming a stable conjugate base (from now onwards referred as cb) or carbanion
intermediate. This is followed by a slow elimination step, forming GSH and MOI. The rate of an
E1 mechanism is not expected to change with changes in pH as abstraction of the C-3 proton is
not expected to be rate-limiting, while the rate of the E2 mechanism is predicted to have a
proportional relationship with pH.
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Figure 7. Possible elimination mechanisms for GSMOI, and predicted experimental observations,
based on literature precedence.
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The rates of both the E2 and E1cb reactions are expected to be pH dependent. However,
the E1cb mechanism can be distinguished by the formation of the intermediate conjugate base.
Formation of the cb can be observed by running the reaction in deuterated water (D2O) and
analyzing kinetic data of proton exchange obtained from 1H NMR spectrometry. For the two step
E1cb mechanism, it is expected that fast proton exchange with D2O solvent will be observed by
the disappearance of the C-3 proton 1H NMR signal, but no (or much slower) GSH elimination
and formation of MOI. For the one step E2 mechanism, the loss of the C-3 proton signal will occur
at the same rate as the development of NMR signals for MOI.

1.4 Significance of this work
The significance of this work can be directly related to the development of cancer
therapeutic agents, an important area of study given that cancer is the cause of 1 in every 8 deaths
worldwide, and research for new and different drugs is a top concern in drug development labs.
The purpose of this research was to discover more relevant information about the inhibition of GxI
by GSMOI that can be used in the future for drug development. If GSMOI is a mechanism-based
inhibitor of GxI, then understanding how GSMOI undergoes elimination under physiological
conditions is critical. By understanding this mechanism, predictions on how other enzymes might
be affected by this inhibitor can be proposed.

Overall this research will lead to a better

understanding of the interactions of GSH, MOI, and GxI, and how these interactions can teach
alternate approaches to one day curing cancer.
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2. Materials and Methods
All reagents were purchased from Sigma-Aldrich or Fisher Scientific and used without further
purification. Methanol was purchased at 99.9% purity. All glassware was washed with Micro-90
cleaner, and then rinsed with deionized water and acetone before oven drying at 80oC. Dry ice was
purchased from Dry Ice Corp., Hingham, MA.

To study and characterize the elimination of GSH from GSMOI, kinetic assays were
performed, in triplicate, in 50 mM potassium phosphate buffer at 25oC, using UV/Vis spectroscopy
on a PerkinElmer Lambda 25 UV/vis spectrometer equipped with a PE PCB 1500 Water Peltier
System for temperature control, and the UV WinLab software. To confirm the structure of the
products, Nuclear Magnetic Resonance (1H NMR) was performed using a JEOL ECX-400M
spectrometer. All NMR samples were prepared in 50 mM potassium phosphate buffer at a
specified pH that had been exchanged into D2O solvent (pD = pH + 0.4).

2.1 Synthesis of 3-Bromooxindole-3-acetic acid (BOAA)
To prepare BOAA, 3.00 g of indole acetic acid, IAA, (17.1 mmoles) were added to a 3-neck
round bottom flask (RBF). The RBF was previously dried in the oven and covered with aluminum
foil. To the same flask, 75ml of warm tert-butanol was added along with a magnetic stir bar. The
IAA was stirred until dissolved, then 6.30 g of N-Bromosuccinimide (35.4 mmoles) were added
over a 60 minute time period. The color of the mixture changed from orange to reddish, and the
mixture was stirred for an additional 10 minutes. The reaction was stored in the -80oC freezer
overnight, and the next day was allowed to warm to room temperature before getting separated
into different portions in a pear-shaped RBF. Each portion was put on the high vac in order to
19

evaporate the tert-butanol. After 30 minutes, all the tert-butanol was evaporated and the resulting
syrup solution had a brown color. This was then dissolved in 50 mL of dry ethyl ether and
magnesium sulfate was added as the drying agent. The mixture was stirred for 15 minutes and was
filtrated to remove succinimide and the drying agent. The mixture was then placed on a rotavap
for 20 minutes to evaporate the ether and dissolved again in 25 mL of ether. After 1 hour at room
temperature, the mixture was filtrated again and concentrated on the rotavap. Residual ether
entrapped in the brown syrup was evaporated on the high vac for approximately 10 minutes. The
viscous syrup was dissolved in 25 mL of chloroform and stored for two hours at -20oC to allow
for the precipitation of BOAA. The product was isolated by vacuum filtration with a Hirsch funnel.
The product was scrapped onto a watch glass and put in a vacuum desiccator to dry overnight and
then characterized by melting point and thin layer chromatography.

2.2 Synthesis of 3-methylyeoxindole (MOI) from 3-Bromooxindole-3-acetic acid
(BOAA)
To prepare MOI, 199 mg (0.736 mmoles) of BOAA, were dissolved in 1.5ml of 100%
ethanol. This solution was then pipet filtrated (with cotton) to remove any insoluble material. The
solution was transferred to a 10mL glass vial and stirred while cooling in an ice bath. While
stirring, a 7mL ice cold solution containing 124 mg (1.48 mmoles) of sodium bicarbonate was
added to the reaction mixture dropwise over a period of 3 minutes. The solution was allowed to
stir for a couple of minutes until a yellow color was observed, and pH paper was used to verify
that the solution was weakly acidic. The precipitate was filtrated using a Hirsch funnel, then
quickly washed with 20mL of ice-cold deionized water to remove all traces of the sodium
bicarbonate. The product was then transferred to a pre-weighed watch glass and placed in a vacuum
20

desiccator to dry overnight in the dark. The dried product was weighed, the percent yield was
calculated, and the purity was determined using UV-Vis spectroscopy and 1H NMR spectrometry.

2.3 Synthesis of Glutathione-3-Methyleneoxindole Conjugate (GSMOI) from 3Methylyoxindole and Glutathione.
To make GSMOI, 140 ml of 25% methanol in deionized H2O was added to a 250 ml
Erlenmeyer flask. The solution was stirred under an atmosphere of argon for 15 minutes, then
70mg (0.228 mmole) of reduced glutathione (GSH) were added to the flask and stirred for an
additional 5 minutes. The pH of the solution was adjusted using 1M potassium hydroxide to pH 6.
Then, to the stirring solution, 39.7 mg (0.274 mmole) of 3-methyleneoxindole (MOI) were added
in three portions over a period of 10 minutes. The solution was stirred for an additional one hour
until all the yellow color from MOI dissipated. The reaction mixture was gravity filtrated into a
clean flask to remove any white precipitate due to MOI polymerization, and the filtrate was cooled
in ice. The filtrate was concentrated to about 20ml on the high vac at 30˚C to remove methanol,
and the concentrated aqueous GSMOI solution was then lyophilized to dryness.

Figure 8. Lyophilizer used to dry the GSMOI.
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The product was obtained as a fluffy, white powder which was then washed with anhydrous
ether two times to extract excess MOI. The ether was removed with a pipet and the white solid
dried under a gentle stream of dry argon for 5 minutes. The product was transferred to a preweighed watch glass and dried thoroughly in a vacuum desiccator overnight in the dark. Then
GSMOI was stored under dry conditions at -20oC. The yield of the dry product was determined,
and the structure verified by UV-Vis spectroscopy and 1H NMR spectrometry.

2.4 Characterization using NMR
1H NMR was used to determine the purity of both MOI and GSMOI. For MOI 6 mg of
solid sample was dissolved in Acetone d6. GSMOI NMR samples were prepared in two ways.
Method I: 7-10 mg of GSMOI were dissolved in 1ml of D2O and lyophilized to dryness. This
process was repeated two more time with fresh D2O to exchange acidic H for D. Then the dry,
exchanged sample was dissolved in 1 ml of Deuterated Potassium Phosphate, (D)KP buffer at a
specified pD. Method II: 7-10 mg of GSMOI were dissolved directly in 1ml of (D)KP buffer at a
specified pD. The (D)KP was prepared by exchanging 10 mL of (H)KP buffer at a specified pH
with D2O on the high vac. Samples were flushed with dry argon to limit exposure to air. The pD
correction factor is +0.4 units, so for a pH 7 buffer, the pD is 7.4.

2.5 Development of UV-VIS Spectroscopic Methods for Elimination Kinetics
Studies
A stock solution of GSMOI was prepared in deionized (DI) water (4.86 mM). The stock
solution was kept on ice during use, and stored at -20oC. Under these conditions this solution was
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stable for at least 4 weeks. A 5 mM stock solution of 5,5-dithio-bis-(2-nitrobenzoic acid) (DTNB,
Ellman’s reagent) was prepared in KP buffer, kept on ice during use, and stored at 4oC.

Method I. 50 mM KP buffer in a quartz cuvette (1.0 mL) was pre-incubated for 10 minutes
at 25˚C. To study the rate of GSH elimination, the reaction was initiated by adding an aliquot of
the GSMOI stock solution to a final concentration of 50 µM. Repeat wavelength scans (200-500
nm) were done at specified time intervals for 3 hours. To determine the rate of formation of MOI
the change in absorbance at 248 nm was analyzed. Due to the low extinction coefficient of MOI
at 248 nm this method did not provide the sensitivity for kinetic analysis. We switched to Elman’s
Reagent, DTNB (5,5-dithio-bis-(2-nitrobenzoic acid) as described below.

Method II. A 5 mM solution of DTNB was pre-incubated with 50 mM KP buffer in a quartz
cuvette at 25 ºC. After equilibration for 5 minutes, reaction was initiated by the addition of various
concentrations of the GSMOI stock solution. Initial rate slopes from absorbance (412 nm) vs time
curves were determined over the initial 10-15% of reaction. The extinction coefficient of DTNB
at 412 nm is (14150 m-1 cm-1).

2.6 Determination of Reaction Order
To determine the order of the reaction, a 5 mM solution of DTNB was incubated with 50
mM potassium phosphate buffer in a quartz cuvette at 25oC. After temperature equilibration for at
least 5 minutes, the reaction was initiated by the addition of different aliquots of the GSMOI stock
solution (10, 20, 40 and 80 µL). Absorbance vs time curves at 412 nm were recorded and initial
rate slopes from the first 10-15% of the reaction were used to calculate reaction rates.
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2.7 Effect of pH on the rate of GSH elimination
To determine the effect of pH on the reaction, a 5mM solution of DTNB was incubated
with 50 mM potassium phosphate buffer (at pH 6.50, 7.00 and 7.50) in a quartz cuvette at 25oC.
After equilibration for 5 minutes, the reaction was initiated by the addition of different aliquots of
GSMOI stock solution to the cuvette. The change in absorbance at 412 nm was recorded and initial
10-15% of the reaction was used in order to collect the initial slopes from absorbance vs time
curves.

2.8 Effect of potential catalysts
The DTNB assay used in section 2.6, was used again in order to determine the effect of
different bio-molecules as potential catalysts for the elimination reaction. In addition to DTNB, a
250 mM solution of the potential catalyst was incubated with 50 mM potassium phosphate buffer
in a quartz cuvette at 25ºC. After equilibration for 5 minutes, the reaction was initiated by the
addition of various concentrations of GSMOI. The absorbance at 412 nm was recorded and initial
10-15% of the reaction was used in order to collect the initial slopes from absorbance vs time
curves.

2.9 Effect of buffer concentration on rate constant k
A 5 mM solution of DTNB was incubated with 10, 50 and 250 mM potassium phosphate
buffer in a quartz cuvette at 25 ºC (pH 7). After equilibration for 5 minutes, reaction was initiated
by the addition of various concentrations of GSMOI to the cuvette. Initial rate slopes from
absorbance vs time curves were determined over the initial 10-15% of reaction.
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2.10 GSMOI C-3 Proton exchange kinetics
All glassware was dried in an oven at 100oC, and stored in a desiccator. Dry argon was
used to flush all samples and protect from air. 7-10 mg of GSMOI were dissolved in 1ml of (D)KP
buffer at pD 6.69 and 7.34. A stopwatch was started upon addition of D-KP buffer to the GSMOI
samples, and these solutions were immediately transferred to an NMR tube and scans started
within 2-3 minutes. The scans were collected every 8 minutes for approximately one hour, and the
C-3-H and cys-α-H signals were integrated.
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3. Results and Discussion
3.1 Synthesis of 3-Bromooxindole-3-acetic acid (BOAA) and 3-methylyeoxindole
(MOI)
Because access to an NMR was restricted at the time, BOAA was only characterized by
observing the melting point range of 153-158oC. This compares very well with the literature mp
of 158oC.

After drying in a vacuum desiccator overnight, the MOI sample looked bright yellow, and
the % yield was 42.5%. The 1H NMR in Figure 9 confirmed no impurities, as all the peaks were
consistent with the structure of MOI. The UV-Vis showed a characteristic doublet absorption band
at 248 and 252 nm, characteristic with MOI, Figure 13.
H (a)
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3-methyleneoxindole
(MOI)
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Figure 9. 1H NMR spectrum of 6 mg of MOI in Acetone d6.
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3.2 Synthesis of Glutathione-3-Methyleneoxindole Conjugate (GSMOI) from 3Methylyoxindole and Glutathione
GSMOI was obtained as a dry white powder which was kept under dry conditions in the
freezer, and the UV-Vis spectrometer confirmed that there was not MOI residue in the sample.
Although GSH is a tripeptide, analysis by 1H NMR is straight forward as seen in the 1H NMR of
7 mg of GSH in 50 mM (D)KP buffer, pD 7.34, Figure 10. The 1H NMR for GSMOI showed no
presence of MOI, as all the peaks were consistent with the GSMOI structure, Figure 11. It’s
interesting that the C-3 oxindole proton is not observed at 3.8 ppm, suggesting that it has undergone
fast exchange with the D2O solvent at pD 7.34.
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Figure 10. 1H NMR spectrum of 7 mg of GSH in 1 mL of 50 mM (D)KP buffer, pD 7.34.
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Figure 11. 1H NMR spectrum of 7 mg of GSMOI in 1 mL of 50 mM (D)KP buffer, pD 7.34

3.3 Development of UV-VIS Spectroscopic Methods for Elimination Kinetics
Studies
The elimination reaction of GSMOI produces two products, GSH and MOI, Figure 7. Two
methods were evaluated to obtain reproducible kinetic data for the elimination of GSH from
GSMOI. In Method I we attempted to monitor the formation of MOI based on its absorption band
at 248 nm, see Figure 13. Although Method I did provide us with preliminary data, reproducibility
was a problem. As MOI has a strong extinction coefficient at 248 nm (ε248 = 29,000 M-1cm-1), the
problem may be the reactivity of free MOI toward Michael addition reactions with nucleophilic
compounds, and its polymerization at neutral to basic conditions.

Method II used 5,5-dithio-bis-(2-nitrobenzoic acid) (Ellman’s Reagent, DTNB) which is a
sensitive reagent to detect and quantify free thiols based on thiol-disulfide exchange reaction,
Figure 12. The TNB- anion has a visible yellow color and strong extinction coefficient at 412 nm
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(ε412 = 14,150 M-1cm-1). Method II appeared to give reproducible data. There was also no evidence
that the TNB- anion was reacting with the free MOI by Michael addition. At the end of the reaction
with DTNB, the absorbance at 412 nm was stable, suggesting little reaction with the free MOI.
The TNB- thiolate anion is expected to be a poor nucleophile due to resonance stabilization of the
thiolate anion with the electron withdrawing nitro group.
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Figure 12. Thiol-disulfide exchange reaction between glutathione and DTNB producing the TNBion to assay for the formation of GSH in the elimination reaction of GSMOI.

3.4 UV-VIS titration of MOI with GSH
This experiment was done when we did not have access to an NMR, in order to evaluate
the purity of the MOI being used to synthesize GSMOI. The UV-Vis titration of 50 µM MOI was
conducted in 50 mM KP buffer at pH 7. This sample was titrated by the addition of approximately
10 µM increments of GSH, and the UV-Vis scans taken from 200-400 nm as shown in Figure 13.
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The “doublet” band for MOI at 248 & 250 nm is seen to clearly decrease with each addition of
MOI. No additional change occurred upon GSH concentrations above 49 µM, suggesting complete
titration of the MOI, and an estimated purity of 95%. In addition, this experiment demonstrates
that the formation of GSMOI from addition of GSH to MOI occurs without any complications
from side products. With incremental addition of GSH we observed a smooth decrease in the
absorption band of MOI, plus the observation of at least three, clear isobestic points.
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Figure 13. UV-Vis titration of 50.2 uM MOI with approximately 10 uM increments of GSH in 50
mM KP buffer, pH 7.

3.5 Reaction order
Preliminary results using the MOI UV-Vis assay suggested that the elimination reaction
occurred by a mixed order mechanism as we could not distinguish between zero, 1st or 2nd order
kinetics. It is unusual for elimination reactions to be mixed order, and typically the elimination
reaction is observed under pseudo first order conditions with limiting GSMOI. We attributed this
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preliminary result to problems with the UV-Vis assay where we were observing the decrease in
the MOI absorbance band at 248 nm.

Using the DTNB UV-Vis assay to monitor the elimination of GSH produced more
consistent data. In Figure 14, we see that by increasing the concentration of GSMOI from 0.50 to
4.0 mM, that the initial rate for elimination increases in a corresponding manner, suggesting that
zero order kinetics are not being observed. A plot of natural log of initial rate vs time gave a straight
line which is consistent with pseudo first order kinetics.
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Figure 14. UV-Vis assay using DTNB to monitor the elimination of GSH from GSMOI using 0.50
– 4.0 mM GSMOI in 50 mM KP buffer, pH 7.

3.6 Effect of pH
The effect of pH on the rate of GSH elimination was an important experiment in
distinguishing between the three possible mechanisms shown in Figure 7 above. In an E1
carbocation mechanism, proton transfer follows rate limiting elimination of the GSH leaving
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group, so pH should have little effect on rate. The concerted E2 mechanism requires proton transfer
at the same time as GSH elimination, so the reaction rate would be expected to increase with
increasing pH. The rate of an E1cb reaction is also expected to increase with increasing pH as the
fast proton transfer step is followed by slow GSH elimination.

A 5mM solution of DTNB was incubated in 50 mM potassium phosphate buffer (at pH
6.50, 7.00 and 7.50) in quartz cuvettes at 25oC. The reaction was initiated by the addition of various
concentrations of GSMOI to the cuvette. The change in absorbance at 412 nm was recorded and
the initial 10-15% of the reaction was used in order to collect the initial slopes from absorbance vs
time curves. The pseudo 1st order rate constants with standard deviations at each pH are presented
in Table I, and indicate that the rate constants increase with increasing pH. This suggests that
changes in pH affect the rate of reaction, and that elimination is following either an E2 or E1cb
mechanism. In our preliminary experiments using the less sensitive MOI assay at 248 nm, we
observed little change in elimination reaction rate between pH 6.50-7.50, but a significant decrease
in the reaction rate at pH 6.00. We believe that this may suggest a change in the rate limiting step
consistent with an E1cb elimination mechanism because the “fast” proton transfer step is now
competing with GSH elimination. Although the DNTB assay is more reproducible, and the data
follow a similar trend, the decrease in rate with decreasing pH was not as pronounced. We believe
that this discrepancy results from the DTNB assay being less sensitive below pH 7, as protonation
of the TNB- thiolate ion inhibits conjugation and decreases production of the yellow color at 412
nm. The data presented in this table are reliable because the standard deviations were all close to
+10% suggesting the rate effects are not due to experimental error.
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Table I. Variation of pseudo first order rate constants for the elimination reaction of GSH from
GSMOI using the DTNB assay with 50 mM KP buffer at different pH values.
Rate constant k (1/sec) x 10-3
36.5
50.5
64.3

pH
6.5
7.0
7.5

Standard deviation x 10-3
4.20
1.36
5.06

3.7 Effect of potential catalysts
Our goal is to understand the chemical mechanism for GSH elimination from GSMOI, as
a potential model for the elimination being catalyzed under physiological conditions. This led us
to examine the effect of bio-molecules as potential catalysts for the elimination reaction. Our
standard kinetic assay had 5 mM DTNB incubated in 50 mM potassium phosphate buffer at pH 7
in a quartz cuvette at 25oC. The cuvette also included a large excess (250 mM) of the potential
catalyst to preserve pseudo 1st order conditions. The reaction was initiated by the addition of
various concentration of GSMOI to the cuvette. The change in absorbance at 412 nm was recorded
and initial 10-15% of the reaction was used in order to collect the initial slopes from absorbance
vs time curves. The pseudo 1st order rate constants with standard deviations for each catalyst are
presented in Table II, along with a control containing no catalyst. The data presented in this table
is reliable because the standard deviations were all close to +10% suggesting the effects are not
due to experimental error.
Table II. Variation of pseudo 1st order rate constants after incubation GSMOI with various
biomolecules as potential elimination catalysts.
Catalyst
L-Histidine
Glycine
Guanidine
Control

Rate constant k (1/sec) x 10-3
25.6
24.7
23.0
50.5

33

Standard Deviation x 10-3
3.38
5.00
6.77
1.36

Compared to the control reaction with no “catalyst”, the data in Table II indicate that these
potential catalysts all actually decrease the reaction rate constant. This result was a little surprising.
These molecules, acting at bases, might have been expected to either increase the rate of an E2
mechanism, or have little to no effect on an E1cb mechanism. The inhibition is interesting, and
may suggest that these additives are effecting the DTNB reaction with free GSH. Another possible
explanation is that the GSH portion of GSMOI is involved in intramolecular catalysis of the
elimination, which is being inhibited through ion paring with the bases in Table II. More research
is required on this observation to better understand these results.

3.8 Effect of buffer concentration on rate constant k
If the GSH portion of GSMOI is involved in intramolecular catalysis of GSH elimination,
changing the buffer concentration may have an effect on the reaction rate. Increasing the buffer
concentration will increase ionic strength, resulting in ion paring with GSH and reaction inhibition.
On the other hand, decreasing the buffer concentration may potentially increase the effect of GSH
catalysis. Various concentrations of GSMOI were incubated with 10, 50 and 250 mM KP buffer
at pH 7. The pseudo 1st order rate constants and standard deviations are shown in Table III.

Table III. Effect of KP buffer concentration on the rate of GSMOI elimination reaction, pH 7.
Buffer Concentration
10 mM
50 mM
250 mM

Rate constant k (1/sec) x 10-3
6.27
50.5
23.4

Standard Deviation x 10-3
0.509
1.36
4.55

As compared to the standard reaction conditions with 50 mM KP buffer, either increasing
or decreasing the buffer concentrations resulted in an inhibition of the elimination reaction.
Inhibition at higher buffer concentration is understandable due to ion paring with GSH, but
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inhibition at lower buffer concentration is confusing. KP buffers are not known to act as catalysts,
and it is unlikely that changing the buffer concentrations are effecting the DTNB assay. Maybe at
low concentrations of buffer, there is intermolecular ion-pairing of the GSH parts of GSMOI pairs,
and this might be expected to inhibit GSH catalysis. Again, this is an interesting result, but
additional experimentation work is needed to understand these data. The data presented in this
table are reliable because the standard deviations were all close to +10% suggesting the effects are
not due to experimental error.

3.9 GSMOI C-3 Proton exchange kinetics
The most direct way to distinguish between the E2 and E1cb mechanisms was to attempt
to observe removal or exchange, respectively, of the C-3 GSMOI oxindole proton using 1H NMR
in (D)KP buffer. For an E2 mechanism, as the C-3 proton is removed and its 1H NMR signal
decreases, there should be a corresponding increase in the vinyl protons of MOI at 6.2 ppm. On
the other hand, an E1cb mechanism will result in a reversible, fast exchange of the C-3 proton with
deuterium, its 1H NMR signal will quickly decrease, but with very little MOI being produced.

A 7-mg sample of GSMOI was dissolved in 1ml of (D)KP buffer at pD 6.69. The 1H NMR
spectrum is shown in Figure 15. As compared to the GSMOI 1H NMR spectrum obtained at pD
7.34 where the C-3 proton had rapidly exchanged and was not observed (Figure 11), at pD 6.69
the C-3 oxindole proton is clearly visible at 3.8 ppm. Integration of the C-3 proton (b) was
compared to the integration of the cys-α-H signal (a) at 4.25 ppm, and it was found that within 2
minutes of initiating the reaction that the C-3 signal had decreased by 31%, but only a trace of
MOI was observed based on the vinyl proton signal at 6.8 ppm. A stopwatch was started upon
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addition of D-KP buffer to the GSMOI sample, and NMR scans started within 2-3 minutes. Scans
were collected every 8 minutes for approximately one hour, and the C-3-H and cys-α-H signals
were observed.
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Figure 15. 1H NMR spectrum of 7 mg of GSMOI in 1 mL of 50 mM (D)KP buffer, pD 6.69.

The partial NMR spectra in Figure 16 show only the C-3-H signal at 3.8 ppm and cys-α-H
signal at 4.25 ppm. Over a period of 26 minutes, the C-3 oxindole proton was observed to undergo
time-dependent exchange with D2O solvent. This exchange is much faster than GSH elimination
as only a trace of MOI was observed over this same time period (data not shown). This result, in
combination with the data above, is strong evidence that that chemical mechanism for the
elimination of GSH from GSMOI follows an E1cb mechanism.
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Figure 16. 1H NMR spectrum of 7 mg of GSMOI in 1 mL of 50 mM (D)KP buffer, pD 6.69
undergoing time dependent exchange of the oxindole C-3 proton.
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4. Conclusions
The significance of this work can be directly related to the development of cancer
therapeutic agents, an important area of study given that cancer is the cause of 1 in every 8 deaths
worldwide, and research for new and different drugs is a top concern in drug development labs.
The purpose of this research is to discover more relevant information about the inhibition of GxI
by GSMOI that can be used in the future for drug development.

Previous students in Dr. Brush’s research group found preliminary evidence that GSMOI
is both a competitive and mechanism-based inhibitor of GxI, however more study is needed to
better understand those findings. MOI is not a good choice as a therapeutic agent because of its
poor aqueous solubility, and non-selectivity as an alkylating agent. By conjugating MOI with GSH
to form GSMOI, we believe this compound will specifically target GxI and inhibit by mechanismbased inactivation.

Once bound to the active site, we think that GxI will catalyze the elimination of GSH from
GSMOI, releasing MOI. As MOI is an alkylating agent for cysteine, we believe that the MOI will
selectively alkylate an active site cysteine residue by Michael addition, Figure 6 (above). The
release of MOI and GSH from GSMOI is an example of an elimination reaction. There is a leaving
group (GSH), loss of a proton and the formation of a product with a double bond (MOI). If GSMOI
is a mechanism-based inhibitor of GxI, we needed to understand how GSMOI undergoes
elimination under physiological conditions.
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The main outcome of this thesis project is that we now have a better understanding of the
mechanism by which GSH is eliminated from GSMOI. We developed an assay to quantitatively
study the rate of the elimination reaction, under conditions that would allow us to study factors
that affect the rate limiting step. We have studied how the reaction rate was affected by pH and
potential catalysts. Our rate data allowed us to distinguish between the three most common
biological elimination mechanisms that could explain the elimination of GSH and formation of
MOI: E1, E2 or E1cb, Figure 7. Our key data are summarized in Table IV. The E1 reaction is a
minimum two-step mechanism where the first step is the limiting rate step where the GSH leaving
group leaves, forming a carbocation intermediate. In the second step a base removes the C-3 proton
forming the double bond. The E1 mechanism is highly unlikely due to the formation of an unstable
primary carbocation intermediate.

Table IV. Summary of the outcome of the most significant experiments. The data strongly
suggests E1cb mechanism.
Experiment
Reaction
pH
Catalyst
C-3 proton exchange

Observed Results
1st and 2nd
Faster with higher pH
Inhibition
Fast exchange

Mechanism
E2 and E1cb
E2 and E1cb
Inconclusive
E1cb

The E2 reaction is a one-step concerted mechanism. The base removes the C-3 proton and
the GSH leaving group leaves at the same time forming the MOI double bond. The E1 and E2
mechanisms were distinguished based on the observation of elimination rate increase with
increasing pH. The rate of an E1 mechanism was not expected to change with changes in pH, while
the rate of the E2 mechanism was predicted to have a proportional relationship with pH.
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The E1cb mechanism is also a two-step mechanism, where we have fast removal of the C3 proton forming a stable conjugate base “cb” intermediate. This is followed by a slow elimination
step, forming GSH and MOI. The rates of both the E2 and E1cb reactions were expected to be pH
dependent. However, the E1cb mechanism was identified based on data suggesting formation of
the “cb” intermediate based on the observation of fast proton exchange in D2O solvent by 1H
NMR. We observed the disappearance of the C-3 proton 1H NMR signal, and much slower
formation of MOI, Figure 16. This experimental result suggests against the one step E2
mechanism, where the loss of the C-3 proton signal should have occurred at the same rate as the
formation of MOI.

The goals of this thesis project were achieved as the data suggest that the elimination
mechanism is E1cb. What do the results of this research suggest for GSMOI as a mechanism based
inhibitor of GxI? In its “normal” reaction GxI catalyzes the conversion of the thiohemiacetal of
GSH and MG into (S)-D-lactoylglutathione, Figure 2 (above). The chemical mechanism involves
a proton transfer with an intermediate carbanion, as shown in Figure 17 (Chari and Kozarich,
1981).
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Figure 17. The proton transfer chemical mechanism of GxI converting the GSH-MG hemiacetal
substrate into lactoylglutathione.

The GxI proton transfer mechanism with its normal substrate suggests that GxI may also
catalyze a proton transfer for the E1cb elimination of GSH from GSMOI. MOI is also produced,
which we believe may then alkylate an active site cysteine and lead to irreversible inactivation.
This means that GSMOI would also be a substrate, or mechanism-based inhibitor for GxI. This
idea may work as human GxI has been found to catalyze proton transfer reactions for unusual
substrates such as those shown in Figure 18 (Chari and Kozarich, 1981, 1983; Landro, Brush and
Kozarich, 1992). Its also exciting that the fluoromethylglyoxal GSH-thiohemiacetal undergoes
E1cb elimination of fluoride ion, catalyzed by human GxI (Chari and Kozarich, 1981). This may
suggest that human GxI is capable of catalyzing GSH elimination from GSMOI!
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Now armed with a better understanding of the aqueous chemistry of GSMOI, we will be
able to better predict if other enzymes might also be affected by this molecule. Overall this
research will lead to a better understanding of the interactions of GSH, MOI, and GxI and how
these interactions can teach us alternate approaches to one day curing cancer.
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Figure 18. Alternative substrates for human GxI.
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5. Future Work
As to any research project, there are still a few things that need to be done in the future.
The effect of buffer concentration changes were surprising, with various effect on the rate of
reaction. At lower buffer concentration, the reaction rate is very small, and it increases as the buffer
strength is increased. However, at a much higher concentration, this increasing pattern is lost.
Therefore, more studies need to be done in order to determine if the buffer concentration is
affecting the DTNB reaction rather than the elimination mechanism.

Another assumption made while conducting this research was that TNB anion does not
react with MOI, and this needs to be verified experimentally.

Also, the addition of catalyst to the reaction was expected to have little to no effect on the
reaction rate since it is an E1cb reaction. The first step, or removal of proton is very fast while the
second step, elimination of leaving group is very slow. The addition of catalyst appears to be
inhibiting the reaction rate, and therefore more work needs to be done in order to understand the
reasons behind it. A future experiment that can be done to complete this study is analyze the role
of GSH backbone in elimination mechanism. This would involve the synthesis of a smaller MOI
conjugates, such as N-acetyl-cysteine-MOI and N-acetyl-cysteamine-MOI.
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